Introduction {#S0001}
============

In contrast to the enhanced life expectancy associated with advanced health care systems, the complicated infections caused by device-associated and surgical site infections remain a significant public health threat. Notably, such infections, owing to multidrug-resistant pathogens, respectively, account for nearly 26% and 22% of all health care-associated infections.[@CIT0001] Moreover, these medical device-associated infections impose large financial burdens on health care services and result in increased patient morbidity and mortality.[@CIT0002] To address these issues, antimicrobial agents discovered to date have been exploited in clinical treatments as therapeutic agents against microbial infections.[@CIT0003]

Microorganisms such as Gram-positive *Corynebacteria, Staphylococcus aureus, Enterococci*, along with coagulase-negative *Staphylococci* Gram-negative organisms including *Pseudomonas, Serratia*, and *Acinetobacter* species are most frequently associated with device-associated chronic infections.[@CIT0004] Resistant strains may develop new mechanisms over days or months that allow bacteria to be recalcitrant toward the effects of a wide spectrum of antibiotics. The immense challenge afforded by antimicrobial resistant strains is that they diminish drug efficacy over time.[@CIT0005] The mechanism of antibiotic resistance may be innate or acquired. Some strains of bacteria are innately resistant to various classes of antibiotics whereas others acquire genes for enzymes that degrade antimicrobial agents or may acquire efflux pumps to extrude these agents before they reach the target site. Bacteria may also acquire antibiotic-resistant genes by alternating the metabolic pathway by itself or through new mutations.[@CIT0006]

The infections caused by resistant strains are mainly due to biofilm formation, which accounts for up to 80% of the total infections. Bacterial biofilms are defined as a well organized and structured community comprised of bacterial cells protected from the outside environment through the production of an exopolysaccharide (EPS) matrix. This EPS production enables the cells to attach to inert or living surfaces for survival and further establishment. Formation of biofilms thus constitutes an essential factor for survival in extreme environments, as well as a phenomenon observed in clinical specimens.[@CIT0007] However, bacterial biofilms are difficult to eliminate by antimicrobial agents or through other methods and also show resistance toward a wide range of antibiotics and biocides.

Therefore, it is essential to take firm steps to fight against biofilms and associated infections. In particular, antimicrobial photodynamic therapy (aPDT) has emerged as a potential candidate to eliminate biofilms. aPDT includes three components: nontoxic photosensitizers (PS), light of a particular wavelength, and oxygen present in the environment, which lead to the generation of cytotoxic reactive oxygen species (ROS) upon illumination.[@CIT0008] aPDT eliminates the possibility of development of resistant strains without causing genotoxic or mutagenic effects. Among several groups of photosensitizers, malachite green (MG), a cationic dye belonging to the triarylmethane family, has been used in photosensitization studies. MG can cross the cell walls of both Gram-negative and positive bacteria to exhibit broad spectrum antibacterial action.[@CIT0009] For example, MG has demonstrated phototoxicity against a number of bacteria and fungi including *S. aureus, Staphylococcus epidermidis, Staphylococcus schleiferi, Staphylococcus capitis, Staphylococcus haemolyticus, Staphylococcus lentus. Enterobacter cloacae, Klebsiella pneumoniae, Klebsiella oxytoca, Escherichia coli, Candida albicans, Candida tropicalis Candida parapsilosis, Candida krusei*, and *Candida glabrata*.[@CIT0010] Specifically in previous studies the phototoxicity of MG against *S. aureus* biofilms was effected by ROS other than singlet oxygen.[@CIT0011]

Drug delivery vehicles have attracted increased interest in aPDT as most of the known photosensitizers tend to from inactive aggregates and are insoluble. In particular, the advancement in nanotechnology has provided various nanoplatforms for the enhanced and effective delivery of dye to target cells.[@CIT0012] Recently, nanoplatforms have been designed to enhance drug delivery to target sites through the selective and triggered adsorption and release of drugs.[@CIT0013],[@CIT0014] Among several carbon nanostructures, carbon nanotubes (CNTs) are recognized for their antimicrobial activities mediated by photo-generated ROS.[@CIT0015] CNTs are reported to be an effective material for immobilization of antimicrobial agents and their functionalization renders them potent candidates for enhanced aPDT.[@CIT0016] The physical and chemical properties of CNTs such as their length, diameter, electronic structure, residual catalyst, surface chemistry, and functional groups, along with specific functionalization influences their antibacterial and drug delivery activities.[@CIT0015] Owing to their sp^2^-hybridized carbon surfaces and large surface area, CNTs have a high-loading capacity (LC) for the delivery of several payloads.[@CIT0017] Researchers have reported CNTs conjugated with rose bengal for maximum antimicrobial photodynamic destruction of *E. coli* biofilms, wherein CNTs act as a dye carrier.[@CIT0018] In another study, single-walled-CNT-aminoporphyrin conjugates were synthesized for the efficient photodynamic inactivation of Gram-positive bacteria.[@CIT0019] This study was aimed to potentially enhance the phototoxic effects of MG conjugated to carboxy-functionalized multi-walled CNTs (MWCNTs) against *Pseudomonas aeruginosa* PA01 and *S. aureus* were examined.

Experimental {#S0002}
============

Chemicals {#S0002-S2001}
---------

Carboxyl-functionalized MWCNTs (length, 1.5 μm; diameter, 9.5 nm) were purchased from Sigma-Aldrich, USA. MG was procured from Himedia Laboratories Private Limited, India.

Bacterial strains and growth media {#S0002-S2002}
----------------------------------

The Gram-negative bacterium *P. aeruginosa* PA01, a gift of Dr. E. Peter Greenberg (Department of Microbiology, University of Washington and School of Medicine), and Gram-positive bacterium *S. aureus* MCC 2408 (Microbial Culture Collection, National Centre for Microbial Resource, Pune, India) were used as test microorganisms. *S. aureus* and *P. aeruginosa* were selected owing to their ability to form biofilms on medical devices causing healthcare-associated chronic infections.[@CIT0002] Bacteria were aerobically grown in Luria Bertani (LB) broth at 37°C for 24 hrs in shaking conditions for all assays. Bacterial culture of 1.5×10^8^ colony forming units (CFU/mL) with a McFarland standard of 0.5 was employed for all experiments.

Preparation of MGCNT conjugate {#S0002-S2003}
------------------------------

The synthesis of MG conjugated to CNT was performed according to the method described previously.[@CIT0019] MG (1.25 mg) was added to 10 mL of deionized water containing 5 mg of CNT, sonicated at room temperature for 15 mins, and magnetically stirred for 24 hrs. The solution was centrifuged for 10 mins at 10,000 rpm after magnetic stirring. The pellet was collected and washed three times with deionized water, and dried at 55°C. The powder of the MGCNT conjugate was subjected to various assays to determine the spectroscopic measurements and biological activities.

Characterization of MGCNTs {#S0002-S2004}
--------------------------

UV-visible absorbance of MGCNTs was recorded using a UV-visible spectrophotometer (UV 3600 Plus, Shimadzu-Japan) in a wavelength range of 250--800 nm. A high-resolution transmission electron microscope (HRTEM) (HITACHI H-8100, Japan) was used for the determination of particle size and to study the structure of MGCNTs with an accelerating voltage of 200 kV. The functional groups present in the MGCNT conjugate were recorded using a Fourier Transform Infrared Spectrometer (FTIR) (Nicolet-6700, Thermo-USA) in the range of 400--4000 cm^−1^ .

LC of MG and entrapment efficiency (EE) of CNTs {#S0002-S2005}
-----------------------------------------------

The LC and EE were measured as follows.[@CIT0020] Approximately 2 mg of MGCNT conjugate was added to absolute ethanol (2 mL) and vortexed for 2 mins. The obtained solution was centrifuged for 20 mins at 10,000 rpm to enable the complete release of MG. The optical density of supernatant containing MG was read at 615 nm to determine the loading and EE. Loading and EE were determined using the following equations: $$\documentclass[12pt]{minimal}
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where W1 is the amount of dye (MG) in MGCNT, W2 is the amount of MWCNTs used for the conjugation experiment, and W3 is the gross weight of MG used for conjugation experiment.

Dye release kinetics {#S0002-S2006}
--------------------

The release of dye was examined at room temperature using the following method with slight modifications.[@CIT0015] Approximately 1 mg of MGCNTs was dispersed in 1 mL of phosphate-buffered saline (PBS:pH 7.4). The resulting solution was centrifuged at every 30 mins and replaced with fresh PBS for further release of dye after collecting the supernatant. The release profile of MG was measured at each time interval by determining the absorbance of the supernatant at 615 nm. The amount of the MG released was estimated using a standard calibration curve for MG. The release study data were subjected to the evaluation of release kinetics by fitting to a Korsmeyer--Peppas kinetics model, which was analyzed as follows: $$\documentclass[12pt]{minimal}
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where: *F*=the fraction of drug released at time *t*. Mt=the amount of drug released at time *t*, *M*=the total amount of drug in dosage form, *K*=the kinetic constant, and *n*=the release exponent. Correlation coefficient values (*R*^2^) were calculated for the Korsmeyer--Peppas kinetics model.

Uptake of MG by *S. aureus* and *P. aeruginosa* {#S0002-S2007}
-----------------------------------------------

About 2 mL of overnight bacterial test cultures () with a McFarland standard of 0.5 was treated with 2 mg of free MG and MGCNT conjugate.[@CIT0021] The solution was centrifuged at 10,000 rpm for 10 mins at different time intervals (30, 60, 90, 120, 150, and 180 mins), which allowed the cells to settle at the bottom. The bacterial pellet containing internalized dye was treated with 1 mL of methanol for 1 hr at room temperature and centrifuged at 10,000 rpm for 10 mins. The methanol-extracted supernatant containing dye was collected. The amount of dye bound to the bacterial cells was measured spectrophotometrically at 615 nm. The percentage of dye uptake was expressed as follows:

\% Uptake of MG=\[MG present in the dissolved pellet/total amount of MG used for conjugation\]\*100

Photosensitizer and light source {#S0002-S2008}
--------------------------------

The photosensitizer used was MG. A stock solution of MG (10 mg/mL) was prepared and stored in the dark. The photosensitization of samples was performed using a red diode laser of 125 mW with an emission wavelength of 660 nm.[@CIT0022] The photosensitization of samples was carried out in a 96 well microtiter plate containing circular bottom wells. The irradiated area was calculated as π *r*^2^, where *r* = radius of the well, ie, 0.35 cm. The radiant exposure was calculated using the following equations: $$\documentclass[12pt]{minimal}
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where *P*= the radiant flux of the laser used for exposure in Watts (W) and *A* = the irradiated area in cm^2^ (π *r*^2^).[@CIT0018]

The radiant exposure of the laser was measured according to the radiant flux and time of irradiation of samples. The radiant exposure was measured as 58.49 J cm^−2^. The bacteria were treated with MG (50 µg/mL)[@CIT0023] and MGCNTs (484.82 µg/mL) such that the final concentration of MG present in the conjugate was equal to 50 µg/mL. The optimization of exposure time for maximum photoinactivation in test bacteria was carried out using different irradiation times. The concentration of CNTs used for assays was fixed at 434.82 µg/mL. which is similar to the concentration of CNTs present in MGCNTs. The test samples were irradiated for 3 mins after pre-incubation in the dark (3 hrs). The test samples were distributed as eight different groups ([Table 1](#T0002){ref-type="table"}).Table 1Different bacterial treatments and irradiation groups used in the studySample numberAbbreviation usedTreatmentSample 1Control (L^--^)Bacterial samples incubated in the dark and not treated with CNTs, MG, and MGCNTs.Sample 2Control (L^+^)Bacterial samples were irradiated in the absence CNTs, MG, and MGCNTs for 3 mins.Sample 3CNT (L^--^)Bacterial samples treated with CNTs and incubated in the dark.Sample 4CNT (L^+^)Bacterial samples treated with CNTs and irradiated with 660 nm light for 3 mins.Sample 5MG (L^--^)Bacterial samples treated with MG and incubated in the dark.Sample 6MG (L^+^)Bacterial samples treated with MG and irradiated for 3 mins.Sample 7MGCNT (L^--^)Bacterial samples treated with MGCNTs and incubated in the dark.Sample 8MGCNT (L^+^)Bacterial samples treated with MGCNTs and irradiated for 3 mins.

In vitro photosensitization of samples {#S0002-S2009}
--------------------------------------

Overnight test bacterial cultures grown in LB broth were adjusted to a McFarland standard of 0.5. Each bacterial culture (100 µL) was dispensed into 96-well multitier plates and treated with CNTs, MG, or MGCNTs at respective concentrations of 434.82, 50, and 484.82 µg/mL. All eight samples mentioned in [Table 1](#T0002){ref-type="table"} were treated and irradiated as described above. After the pre-incubation of all samples in the dark for 3 hrs, samples 2, 4, 6, and 8 were photoactivated for 0, 3, 5, and 10 mins using a red laser of 660 nm wavelength (58.49 J/cm^--2^). Samples 1, 3, 5, and 7 were maintained in dark conditions. Light exposed and unexposed samples were serially diluted. The serial dilutions were plated on LB agar and incubated for 24 hrs at 37°C. The log~10~ reductions in the growth of planktonic cells were calculated by comparison with the CFU/mL of control and treated samples. All the experiments were performed in triplicates.

Detection of intracellular ROS {#S0002-S2010}
------------------------------

Intracellular measurement of ROS was performed using 2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA),[@CIT0024] which can pass through the bacterial cell membrane and produce the fluorescent product 2, 7-dichlorofluorescein (DCFH) after reacting with ROS. The fluorescence produced was measured using spectroscopic methods. Overnight test bacterial cultures were treated with CNTs, MG, and MGCNTs and pre-incubated for 3 hrs in dark. Unbound dye was removed from the samples by gentle washing with sterile PBS after incubation. The collected pellets were resuspended in sterile PBS and treated with 5 mM of DCFH-DA for 10 mins. The samples were irradiated for 3 mins after removing excess DCFH-DA. The DCF fluorescence produced was measured spectrophotometrically with an excitation wavelength of 495 nm and an emission wavelength of 529 nm.

Protein leakage and lipid peroxidation assay {#S0002-S2011}
--------------------------------------------

Protein leakage was investigated using standard Bradford's protein estimation method.[@CIT0025] All samples were centrifuged for 5 mins at 10,000 rpm. The optical density of the supernatant treated with Bradford's reagent was measured at 595 nm. A positive sample was prepared by treating the bacterial culture with cetyltrimethylammonium bromide (10 µg/mL). Protein leakage from cells after aPDT was calculated and compared with the cytoplasmic leakage index.

The lipid peroxides formed after aPDT were measured using thiobarbituric acid.[@CIT0026] Lipid peroxides produced during oxidative stress induced by aPDT can be further oxidized to malondialdehyde (MDA) and 4-hydroxynonenal. Irradiated and non-irradiated samples were homogenized using 10% ice-cold trichloroacetate. The homogenate was collected after centrifuging for 15 mins at 14,000 rpm. Then, 1 mL of 2 thiobarbituric acid (0.6%) was added to the collected homogenate and the mixture held in boiling water for 10 mins. The chromogenic compound formed owing to the reaction between MDA and TBA was quantified spectrophotometrically at 535 nm. The lipid peroxide formation was measured by comparison with the MDA standards.

Biofilm inhibition assay {#S0002-S2012}
------------------------

The inhibition in the biofilm formation after aPDT was assessed as follows.[@CIT0027] After 24 hrs of incubation, the samples were diluted 10 fold in LB broth and incubated at 37°C for 24 hrs. The free floating cells from the wells were removed by gentle washing with PBS and held for 2 mins for drying. The biofilms formed in the wells were stained with 200 μL of 0.1% crystal violet and incubated for 15 mins at room temperature. The excess crystal violet was removed. Dye bound to the biofilm was eluted with 95% ethanol (100 μL). The inhibition in biofilm formation was determined by measuring optical density at 570 nm. The reduction in the formation of biofilm was measured using the formula: $$\documentclass[12pt]{minimal}
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Cell viability assay {#S0002-S2013}
--------------------

2, 3, 5-Triphenyl tetrazolium chloride (TTC) was used to determine the cell viability after aPDT.[@CIT0028] Samples after treatment were washed gently with sterile PBS. Approximately 100 μL of 0.5% of freshly prepared TTC was pipetted into each well after 24 hrs of incubation. The experimental setup was incubated for 5 mins at room temperature. The reduction in the viability of cells after irradiation was measured spectrophotometrically at 485 nm.

Quantification of EPS {#S0002-S2014}
---------------------

Congo red dye was used for the quantification of produced EPS in biofilms.[@CIT0029] Overnight bacterial cultures (100 μL) were treated with CNT, MG, and MGCNT as described above. After irradiation, the samples were allowed to grow to brain heart infusion broth (BHI) comprised of 1% sucrose and incubated at 37°C for 24 hrs. After incubation, the broth was removed and Congo red (50 μL, 50 mM) was added to the wells along with the fresh medium. Blank wells having only Congo red were maintained as a control. The above mixture was centrifuged for 5 mins at 10,000 rpm after an incubation period of 2 hrs at room temperature. The reduction in the EPS was determined by measuring the absorbance of the supernatant at 490 nm. EPS reduction was measured by comparing the optical density of treated samples with that of blank Congo red.

Live and dead cell assay {#S0002-S2015}
------------------------

To study the effect of aPDT, the biofilms of bacteria were visualized under confocal laser scanning microscopy (CLSM) (LSM710, Carl Zeiss, Germany). Bacterial test strains were allowed to grow on a cover slip placed in wells containing BHI broth (1% sucrose) with and without compounds. The samples were pre-incubated for 3 hrs in the dark and then irradiated for 3 mins as described previously. The samples were then incubated at 37°C for 48 hrs. The free floating cells were removed from the cover slips by gentle washing with sterile PBS. The biofilm developed on the cover slip was stained with ethidium bromide and acridine orange dye (100 μL) and held at 37°C for 15 mins. The excess dye was removed, and the cover slips viewed under CLSM.

Statistical analysis {#S0002-S2016}
--------------------

All results are presented with their respective mean and standard deviations of triplicate experiments. Values were compared and analyzed along with their controls. One way analysis of variance was used to test the statistical significance among the data when *P*-values were ≤0.001. Asterisks (\*\*\*) indicate the statically significant groups.

Results {#S0003}
=======

Characterization of the MGCNT conjugate {#S0003-S2001}
---------------------------------------

The optical properties analyzed via UV-visible spectroscopy revealed the maximum absorbance of CNTs and MG at 268 and 614 nm, respectively ([Figure 1A](#F0001){ref-type="fig"}). The strong absorbance bands of CNTs correspond to their surface plasmon resonance. The MGCNT conjugate exhibited two characteristic absorbance bands at 270 and 618 nm that indicate the presence of both MG and CNTs in the conjugate. The HRTEM micrograph ([Figure 1B](#F0001){ref-type="fig"}) revealed the size of synthesized MGCNTs as 10 nm. The MGCNT conjugate was observed without aggregates indicating the uniform attachment of dye to the CNTs. The functional groups of CNTs, MG, and MGCNTs were graphed between a range of 450--4000 cm^−1^. The functional groups of CNTs were observed at 1,069.30, 1,455.18, 2,362.01, and 3,404.96 cm^−1^. The characteristic O--H stretching, carboxyl, and carbonyl C--O stretching, O--H deformations, and C--O stretching of CNTs corresponded to 3404.96, 1455.18, and 1069.30 cm^−1^, respectively. MG revealed characteristic peaks at 1,172.52, 1,381.62, 16,563.73, and 3,440 cm^−1^, which correspond to the various monosubstituted and paradisubstituted benzene rings. The peaks at 1,172.52 and 1,563.73 cm^−1^ correspond to the C--N stretching of benzene and C=C stretching of the benzene ring. The presence of infrared bands in MGCNTs at 1,095.03, 1,641.69, 2,920.47, and 3442.48 cm^−1^ corresponded to both CNTs and MG, which confirmed the conjugation process ([Figure 2A](#F0002){ref-type="fig"}).Figure 1(**A**) UV--vis absorbance spectra of CNTs, MG, and MGCNTs. (**B**) HRTEM micrograph of MGCNTs.Figure 2FTIR spectral analysis for the functional groups present in the CNTs, MG, and MGCNTs.

LC of MG and EE of CNTs {#S0003-S2002}
-----------------------

High loading of MG and entrapment efficacy of CNTs were observed, which resulted in the improved aPDT. The amount of MG bound to the CNTs was measured as 10.31±0.77%. The EE of CNTs was 82.51±6.20%.

In vitro release of MG {#S0003-S2003}
----------------------

The amount of dye released from the CNTs reached a maximum at 180 mins, being recorded as 26.24±1.30% ([Figure 3A](#F0003){ref-type="fig"}). Statistical analysis of the release kinetics of MG from MGCNTs was investigated by fitting the in vitro release data to a Korsmeyer--Peppas model. The analysis calculated the coefficient (*R*^2^) of the linear relationship between MG release and time that was established upon fitting to the Koermeyer--Peppas model. The kinetic parameters observed are shown in [Table 2](#T0003){ref-type="table"}.Table 2MG release kinetics and correlation coefficient values from the Korsmeyer--Pappas kinetics modelKinetic parameterValueKinetic constant (*K*)1.9806Release exponent (*n*)0.4931Correlation coefficient (*R*^2^)0.9995 Figure 3(**A**) Release of malachite green from CNTs at 37°C and pH 7.4. Uptake of malachite green and MGCNTs by (**B**) *P. aeruginosa* and (**C**) *S. aureus*. (**D**) The log~10~ reductions of *P. aeruginosa* and *S. aureus* after treatment with CNTs, MG, and MGCNTs. Non-irradiated and irradiated cells are represented by (L^−^) and (L^+^), respectively. Asterisks (\*\*\*) represent the statistical significance between the respective dark control and the free dye and nanocomposite (*P*-value \<0.001).

Uptake of MG by bacteria {#S0003-S2004}
------------------------

The maximum uptake of MGCNTs and MG by *S. aureus* was 39.41±1.92% and 19.41±0.62%, respectively, at 150 mins ([Figures 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). The maximum uptake of MGCNTs and MG by *P. aeruginosa* was also recorded at 150 mins, being 29.87±1.42% and 19.87±1.28%.

Antimicrobial photodynamic inactivation of planktonic bacteria {#S0003-S2005}
--------------------------------------------------------------

The photoinactivation of *S. aureus* and *P. aeruginosa* using MGCNTs with an exposure time of 3 mins yielded a significant 5.55 and 5.16 log~10~ reduction, respectively ([Figure 3D](#F0003){ref-type="fig"}). The photoinactivation results of different exposure times (5 and 10 mins) are given in the supplementary file ([Table S1](#ST0001)). The phototoxicity of MG and CNTs on both test organisms was less compared to that from the treatment with the MGCNT conjugate. Treatment with MG showed a reduction in the growth of *S. aureus* cells by 2.83 log~10~ reduction after being photoactivated by light compared to 2.16 log~10~ reduction in *P. aeruginosa*. The log~10~ reductions in non-irradiated and irradiated test cultures (control) were less significant when compared to the phototoxicity exhibited by the MGCNT conjugate.

Determination of ROS {#S0003-S2006}
--------------------

The amount of ROS produced through aPDT was measured in irradiated and non-irradiated samples along with controls. The amount of ROS produced correlated with the DCF fluorescence intensity measured in treated samples, which was high in MGCNT-treated *S. aureus* and *P. aeruginosa* but very low in the controls for both test bacteria. Overall, MGCNT-treated samples exhibited high DCF fluorescence intensity compared to that of CNT or MG-treated and non-irradiated samples ([Figure 4A](#F0004){ref-type="fig"}).Figure 4(**A**) Total reactive oxygen species produced in *P. aeruginosa* and *S. aureus* after photoinactivation. (**B**) Percentage of protein leakage from cells after aPDT. (**C**) Lipid peroxides formed in *P. aeruginosa* and *S. aureus* after aPDT. (**D**) Inhibition of biofilms of *P. aeruginosa* and *S. aureus*. Non-irradiated and irradiated cells are represented by (L^−^) and (L^+^), respectively. Asterisks (\*\*\*) represent the statistical significance between the respective dark control and the free dye and nanocomposite (*P*-value\<0.001).

Protein leakage and lipid peroxidation assay {#S0003-S2007}
--------------------------------------------

The percentage of protein leakage after treatment with MGCNTs was 46.79±1.38% in *P. aeruginosa* and 53.68±1.35% in *S. aureus*. Protein leakage in test bacteria in the presence of CNTs and MG was less compared to that with the MGCNT conjugate, indicating a greater degree of cell membrane damage owing to the conjugate ([Figure 4B](#F0004){ref-type="fig"}). The amount of lipid peroxide produced was greater in MGCNT-treated compared with MG-treated samples and was very low in control samples without irradiation. The amount of MDA produced after aPDT in *S. aureus* and *P. aeruginosa* was 12.31±0.62 and 11.96±1.11 nM/mL, respectively ([Figure 4C](#F0004){ref-type="fig"}).

Assessment of anti-biofilm activity of MGCNTs {#S0003-S2008}
---------------------------------------------

MG and MGNT treatment resulted in reduced biofilm formation in *S. aureus* of 41.04±1.11 and 67.59±3.53%, whereas in *P. aeruginosa* the amount of biofilm reduction was 25.70±1.13 and 60.20±2.48% in MG and MGCNT-treated samples ([Figure 4D](#F0004){ref-type="fig"}). Biofilm formation was not reduced in the control (culture) when compared to that in the treated samples. The amount of TTC bound to the cells is a direct measure of the metabolic activity of biofilms. The reduction in the viability of *S. aureus* after treatment with MG and MGCNTs was 43.57±1.43% and 62.54±3.00%, whereas it was 29.42±1.06% and 61.53±3.86% in *P. aeruginosa*, respectively ([Figure 5A](#F0005){ref-type="fig"}).Figure 5(**A**) Reduction in the cell viability of *P. aeruginosa* and *S. aureus* after aPDT treatment. (**B**) Reduction in exopolysaccharides of *P. aeruginosa* and *S. aureus* after aPDT. Non-irradiated and irradiated cells are represented by (L^−^) and (L^+^), respectively. Asterisks (\*\*\*) represent the statistical significance between the respective dark control and the free dye and nanocomposite (*P*-value \<0.001).

A more substantial reduction in EPS production was found in MGCNT-treated cells of *S. aureus* and *P. aeruginosa* when compared to that from the dark incubation. The amount of EPS reduction was 27.12±1.63% and 57.84±1.82% in MG and MGCNT-treated samples of *S. aureus*. In *P. aeruginosa*, the level of EPS inhibition was 19.89±1.46% and 37.25±1.50% for MG and MGCNT-treatment ([Figure 5B](#F0005){ref-type="fig"}).

CLSM analysis {#S0003-S2009}
-------------

CLSM analysis revealed the presence of green fluorescence, which indicated live cells in the control group. MG and MGCNT-treated cells of both test bacteria exhibited more red fluorescence, indicative of dead cells. Biofilms of *S. aureus* and *P. aeruginosa* treated with MG showed both live and dead cells whereas MGCNT-treated biofilms were observed to contain more dead cells ([Figure 6](#F0006){ref-type="fig"}). The non-irradiated samples revealed more live cells in comparison to the irradiated samples. These results confirmed a greater level of photodestruction in MGCNT-treated samples compared to that following MG treatment.Figure 6Confocal laser scanning microscopy images of biofilms of (**A**) *P. aeruginosa* and (**B**) *S. aureus*. (a) and (e) comprise non-irradiated and irradiated biofilms; (b) (c), and (d) are biofilms incubated in the dark and treated with CNTs, MG, and MGCNT, respectively; (f), (g), and (h) comprise biofilms treated with CNTs, MG, and MGCNTs, respectively, and irradiated.

Discussion {#S0004}
==========

In association with biofilms, *P. aeruginosa* and *S. aureus* exhibit increased resistance to conventional antibiotics and are most frequently linked to health care-associated infections.[@CIT0030],[@CIT0031] The failure to eradicate such medical device and surgical site-associated biofilm infections, major causes of morbidity and mortality worldwide, through systemic antibiotic treatment has led to the development of alternative therapeutic methods.[@CIT0001] Notably, aPDT constitutes an upcoming treatment modality that never leads to the development of resistance among bacterial strains. In turn, aPDT is not affected by various resistance mechanisms of bacteria as the phototoxicity is mediated by the production of ROS.[@CIT0032] To efficiently implement such methodologies, there is an increased need for novel anti-biofilm agents that will prevent the adhesion of microorganisms, colonization, and biofilm formation on surfaces.[@CIT0033] In the present study, we synthesized nanoconjugates using a cationic photosensitizer, MG, which exhibited high phototoxicity in *P. aeruginosa* and *S. aureus* biofilms.

The primary focus of this study was to evaluate and compare the anti-biofilm and antibacterial activity of MGCNTs on the bacterial strains *S. aureus* and *P. aeruginosa*. Although previous studies have described MG-mediated photodestruction among different organisms,[@CIT0010] to our knowledge, the present study constitutes the first report of conjugation of the dye to a nanocarrier for enhanced photokilling. For example, a previous study found that 0.01% MG yielded a reduction in bacterial CFU of 99%.[@CIT0034] Additionally, MG affords a significant reduction in *S. aureus* following treatment with 0.1 mg/mL of dye and irradiated with a 660 nm laser for 5 mins.[@CIT0011] In turn, the surface modifications of CNTs exert considerable influence on the adsorption of dyes.[@CIT0035] Numerous studies have revealed that CNTs exhibit higher adsorption efficiency to various synthetic dyes such as MG. In this study, the characterization of synthesized MGCNTs was performed using UV-visible spectroscopy, HRTEM, FTIR, and photoluminescence spectroscopy based on published methodologies.[@CIT0036]--[@CIT0038] Optical studies revealed that both MG and CNTs were present in the MGCNT conjugate as confirmed by the presence of absorption peaks for each in the conjugates.[@CIT0039],[@CIT0040] Successful conjugation of the dye to the CNTs was confirmed by the absorbance studies along with HRTEM, FTIR, and photoluminescence. Together, these analyses provided considerable information regarding the interactions of MG with CNTs.

An advantage of conjugating a cationic dye to the nanocarrier is to permit the internalization and interaction of PS with the bacterial system, thereby mediating enhanced photodestruction at a lower concentration of dye. Moreover, Gram-negative bacteria are known to be susceptible toward aPDT as compared to Gram-positive bacteria as the highly developed and complex cell wall structure of Gram-positive bacteria renders them more permeable to PS than Gram-negative bacteria.[@CIT0010] Nevertheless, the present study demonstrated the successful attachment and uptake of dye by both types of bacteria followed by their photoinactivation using ROS.[@CIT0027] Specifically, the EE of the nanocarrier and loading of the dye comprise important parameters to achieve effective aPDT.[@CIT0041] In the present study, we formulated a nanodye conjugate with good loading and EE for the effective and successful delivery of MG.

aPDT regimes are also significantly affected by the release properties of the dye from the nanocomposite and its binding and uptake by the bacterial system. In the present study, sustained release of MG occurred within 3 hrs and a release of 26.24% was achieved. This enabled the repeated exposure to PDT after a single administration of conjugate to the target, as MG shows a sustained release profile. A sustained and controlled release of cationic dye from the nanocomposite was similarly recorded in earlier studies.[@CIT0020] The continuous and fast release profile of MG from the nanocarriers suggested the physical and supramolecular adsorption of dye to the CNTs. Overall, the results of the uptake and release study substantiate the primary goal of the present study to enhance the photodynamic inactivation abilities of MG against the test bacteria through conjugation with a nanocarrier.

Binding of MG to Gram-negative and -positive bacteria differs slightly depending on the charge of MG and the cell wall structure of the bacteria. The fraction of MG bound to the bacteria has been observed to be larger in samples treated with the nanoconjugate compared to the free dye.[@CIT0029] aPDT using MG against Gram-positive and -negative bacteria was reported previously by employing a light of 660 nm for 4.45 mins.[@CIT0010] Specifically, enhanced photoinactivation was observed in Gram positive compared to Gram-negative bacteria, with 7 log~10~ and 6 log~10~ reductions of *S. aureus* and *E. coli* detected following PDT with a high concentration of MG (0.1%) and longer light exposure time (5 mins).[@CIT0010] In another study, MG-mediated aPDT resulted in 3.84 and 1.92 log~10~ reductions in *S. aureus* and *E. coli*, respectively.[@CIT0042] MG at a concentration of 0.01% yielded a 3 log~10~ reduction of *Actinobacillus actinomycetemcomitans*. The photobactericidal mechanism of MG primarily relies upon type 1 mechanisms involving the production of hydroxyl anion, superoxide, and other oxygen free radicals.[@CIT0034]

Previously, CNTs were used for conjugating methylene blue dye, which exhibited enhanced phototoxicity against *E. coli* and *S. aureus*. The ability of CNTs to act as a dye delivery vehicle to bacterial systems for enhanced antibacterial was confirmed.[@CIT0023] In the present study, both bacterial strains were more sensitive to the MGCNT-mediated killing than that of free dye and CNTs, validating the ability of CNTs to carry MG and exhibit pronounced phototoxicity against test bacteria. The slightly greater phototoxicity observed in *S. aureus* was correlated to the quantity of ROS produced. The photo-mediated generation of ROS occurs in bacteria as cationic dyes easily bind and diffuse to the cell membrane. This leads to an alteration in the integrity of the cell membrane and eventually to the leakage of essential components and cell death.[@CIT0043]

The photoinactivation ability of the conjugate on the bacterial biofilm was also determined. Biofilm formation was inhibited significantly, indicating the efficacy of the MGCNT conjugate toward biofilm and planktonic cells. This clearly suggested that the dye was able to penetrate deeper layers of the biofilm.[@CIT0027] The metabolic activity or viability was also more severely affected by the MGCNT conjugate than free dye treatment. This may be due to the inhibitory action of the MGCNT conjugate against the developmental stages of the biofilm. The significant EPS reduction in MGCNT-treated cells compared to the control provided support for the disruption of biofilm architecture. A high degree of biofilm reduction was detected in MGCNT-treated cells of *S. aureus* and *P. aeruginosa* compared to that in the control samples, which was further confirmed with CLSM analysis.[@CIT0044] The results thus indicated that the MGCNT conjugate could be used as an alternative approach for the prevention and treatment of infections caused by *P. aeruginosa* and *S. aureus* biofilms.

Conclusion {#S0005}
==========

The field of nanotechnology has become an integral part of medicine with wide applications in drug delivery methods. As an emerging drug delivery agent, CNTs have recently gained additional interest as attractive scaffolds in antimicrobial therapy for drug carriers. The present findings demonstrated the improved efficiency of aphotoactivated MGCNT conjugate for antimicrobial therapy against *S. aureus* and *P. aeruginosa*. The ability of the MGCNT conjugate to potentiate antimicrobial photodynamic inactivation against the test bacteria provides valuable information that may contribute to the design of efficient and potent antimicrobial and anti-biofilm agents. Moreover, the conjugate was able to reduce the planktonic cells along with biofilms of both *P. aeruginosa* and *S. aureus*. These findings suggested that, aPDT using the MGCNT conjugate might be employed as an alternative approach for the elimination of both forms of these bacteria from medical devices.
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Table S1Antimicrobial photodynamic effect of MGCNT with different time periods of light irradiationTime (min)*Pseudomonas aeruginosa* (CFU/mL)*Staphylococcus aureus* (CFU/mL)Exp 1Exp 2Exp 3MeanExp 1Exp 2Exp 3Mean07.9×10^7^7.6×10^7^8.2×10^7^7.9×10^7^1.2×10^8^8.9×10^7^7.8×10^7^9.5×10^7^33.5×10^2^4.3×10^2^3.2×10^2^3.6×10^2^3.2×10^2^2.9×10^2^3.5×10^2^3.2×10^2^55.1×10^2^6.0×10^2^4.3×10^2^3.8×10^2^3.0×10^2^2.9×10^2^3.4×10^2^3.1×10^2^103.9×10^2^4.8×10^2^4.1×10^2^4.2×10^2^3.3×10^2^3.1×10^2^3.2×10^2^3.2×10^2^154.1×10^2^3.5×10^2^4.3×10^2^3.9×10^2^3.4×10^2^3.7×10^2^3.0×10^2^3.3×10^2^
